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Abstract
The exposure of sovereigns to climate risks is priced and can affect credit ratings and 
debt servicing costs. I argue that the climate risks to fiscal stability are not receiv-
ing adequate attention and discuss how to remedy the situation. After providing evi-
dence of divergent climate risks to advanced economies, I describe the transmission 
channels from climate change to public finance. Then, I suggest how integrated assess-
ment models (IAMs) can be linked with stochastic debt sustainability analysis (DSA) 
to inform our understanding of climate risks to sovereign debt dynamics and assess 
the available fiscal space to finance climate policies. I argue for adopting the narrative 
scenario architecture developed within the IPCC to bring structure and transparency to 
the analysis. The analysis is complicated by deep uncertainty —risks, ambiguity, and 
mis-specifications— of climate change. Using scenario trees, narrative scenarios, and 
ensembles of models, respectively, we can deal with these three challenges. I illustrate 
using two prominent IAMs to generate the debt dynamics of a high-debt country under 
climate risks to economic growth and find adverse effects from as early as 2030. I con-
clude with the policy implications for fiscal stability authorities.

Keywords  Climate change · Sovereign debt risk management · Integrated assessment 
model

1  Introduction

The year 2020 tied as the warmest on record, but the COVID-19 pandemic overshadowed 
the risks from accelerating climate change. Nevertheless, the current decade is considered a 
make-or-break decade for climate action, and countries must act at a time when sovereign 
debt has reached levels not seen since World War II. The pandemic added $24 trillion to 
global debt, representing a surge of 35 percentage points as a proportion to global GDP, 
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with government programmes accounting for half of the rise.1 Unprecedented interventions 
by central banks have averted a debt crisis, but concerns are voiced that climate change will 
imperil the ability of countries to repay COVID-19 debts (Dibley et al. 2021), as mitigation 
and adaptation costs further strain public finance and climate change may suppress growth.2

Public investments in climate policies require an assessment of the available fiscal space 
from an analysis of sovereign debt dynamics over long horizons. In this essay, I discuss 
how to perform such analysis. I look at the transmission channels from climate change to 
public finance and sovereign debt, discuss how fiscal authorities in developed economies 
deal with climate change, and identify a gap in assessing climate change risks to sover-
eign debt. This assessment is of the essence for institutions mandated with fiscal stabil-
ity—budget management offices and national fiscal councils, International Monetary Fund, 
European Stability Mechanism, European Fiscal Board—and investors.

The analysis of climate risks to public finance is complicated by the deep uncertainty of 
climate change. There are risks for which the probabilities are known, there is ambiguity 
where outcomes may be known but their likelihood is not, and there are misspecifications 
with no consensus on data or models (Barnett et al. 2020). I argue that it is possible to deal 
with this complexity, even if not with high precision, and integrate climate risks into sover-
eign debt analysis.

First, projecting economic growth, government fiscal stance, interest rates, and inflation 
is a problem of risk. Risk management is already embedded in stochastic debt sustainabil-
ity analysis (DSA) to assess whether countries can meet their debt obligations in the con-
text of current debt levels and borrowing conditions. Such analysis is conducted regularly 
by the IMF, the European Commission  or the European Central Bank. The recent work 
by the European Stability Mechanism (Zenios et  al. 2021) takes a long-term view using 
scenario trees. This approach facilitates the integration of climate risks in stochastic DSA, 
accounting for the tragedy of the horizon (Carney 2015).

Second, climate policies imply different socio-economic paths and determine climatic 
conditions. This creates ambiguity: we might know what the world could look like if the 
global temperature rise stays below 2 °C, or if it does not, but we cannot assign probabilities. 
The Integrated Assessment Consortium-IAC, established in response to a call from the Inter-
governmental Panel on Climate Change—IPCC, developed a narrative scenario architecture 
to deal with this ambiguity (Climatic Change 2014). This architecture combines representa-
tive concentration pathways (RCPs) of atmospheric greenhouse-gas (GHG), with narratives 
on shared socio-economic development pathways (SSPs). The scenario architecture provides 
states of the world for what-if analyses, even if we do not know their probabilities.

Finally, model misspecifications arise from the lack of consensus on the appropriate 
model, nonlinear climate sensitivities, and tipping points. Climate scientists have lim-
ited ability to “give fine-grained and concrete answers to an impatient public” (Weitz-
man 2011), in spite developments in integrated assessment models (IAMs). Such models 
advance our understanding of the effects of GHG on the climate, the interaction of climate 
with natural systems, and the macroeconomic impact of increasing global temperatures 
(Nordhaus 2018). They do so under different SSP-RCP combinations, providing key input 
variables for debt analysis under temperature increase ranging from 2 °C (RCP2.6) to 4.2 

2  Estimates of global investments for sustainable infrastructure over the next 15 years reach $90 trillion, 
https://​www.​un.​org/​pga/​71/​wp-​conte​nt/​uploa​ds/​sites/​40/​2017/​02/​New-​Clima​te-​Econo​my-​Report-​2016-​
Execu​tive-​Summa​ry.​pdf.

1  International Institute of Finance, https://​www.​reute​rs.​com/​artic​le/​us-​global-​debt-​iif-​idUSK​BN2AH​285

https://www.un.org/pga/71/wp-content/uploads/sites/40/2017/02/New-Climate-Economy-Report-2016-Executive-Summary.pdf
https://www.un.org/pga/71/wp-content/uploads/sites/40/2017/02/New-Climate-Economy-Report-2016-Executive-Summary.pdf
https://www.reuters.com/article/us-global-debt-iif-idUSKBN2AH285
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°C (RCP8.5) by 2100. However, there is presently large variability among model assump-
tions and predicted outcomes, and we need to utilize ensembles of models.

Methodological commonalities in the analysis of climate risks and debt sustainability 
enable their integration. Narrative scenarios are a cornerstone of climate analysis (Climatic 
Change 2014), and probabilistic scenarios are at the core of stochastic DSA (Blanchard 
2022; Zenios et  al. 2021). Also, DSA focuses on tail risk (Zenios et  al. 2021), just like 
the economics of climate change deal with extreme events (Weitzman 2011). We bring 
together these strands of literature to integrate climate risks in DSA using IAM. The inte-
gration facilitates a holistic analysis of the climate risks to debt.

We start by highlighting divergent climate impacts even among developed economies 
(G20 and EU) and show that investors differentiate sovereign issuers by their climate risk 
exposures, albeit fiscal authorities do not seem to be paying much attention to the climate 
risks to public finance (Sect.  2). We then identify the transmission channels of climate 
risks to sovereign debt (Sect. 3) and suggest incorporating climate change in DSA using 
IAM and the narrative scenario architecture (Sect. 4). We use two prominent IAMs to con-
struct an illustrative example and demonstrate the potential climate effects on debt dynam-
ics. Section 5 concludes with policy implications.

2 � Sovereign exposure to climate risks

A survey of twenty-one studies (Tol 2014) found that a 5 °C temperature rise by the end 
of the century could adversely impact the world economy by 3 to 15% of GDP compared 
to a scenario of no further warming. For 2.5 °C increase, the impact would be 2.5%. IMF 
(2020) reports 25% GDP losses under a 5 °C increase. Whereas global average losses 
may be modest under limited climate change in line with the Paris Agreement goals, 
the impact in some regions could be substantial. Tol puts losses at 15% for the worst-hit 
region (South America), with positive effects for some countries (Baltics). Kalkuhl and 
Wenz (2020) project losses 20% GDP for the tropics. Overall, the adverse effects of cli-
mate change on economic growth are not disputed, but their timing and magnitude are not 
precisely estimated (Dell et al. 2014).

2.1 � Divergence of advanced economies

Advanced economies differ significantly in their climate risk exposures. The index from 
the Notre Dame Global Adaptation Initiative (ND-GAIN, Appendix A) shows ratings from 
below 50 (India, Brazil, Argentina) up to 70 (Australia, UK, Germany), among forty-one 
G20 and EU countries. Burke et al. (2015) estimate striking divergence of GDP per capita 
under 4.2 °C warming; see Fig.  1. Likewise, Kahn et  al. (2021) find significant adverse 
effects using a cross-country estimation of climate effects, with GDP per capita losses aver-
aging 10% for the worst-hit countries and 2.5% for the least affected, under RCP8.5. Such 
differences in growth can create significant divergence in sovereign debts.

The two studies agree on the direction of travel, but differ on magnitudes. Such disa-
greements are not uncommon. Burke et al. use forward-looking simulations, while Kahn 
et al. use historical data. Extrapolation from the past can give more precise estimates, albeit 
about a future that may be very different from the past, while forward-looking projections 
hinge on assumptions about damage functions. That is why, it is important to have com-
mon narrative scenarios and use ensembles of models.
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The economic divergence is not so severe under a 2 °C increase, but remains material. 
Kahn et al. find that the best-prepared countries, according to the ND-GAIN index, suffer 
average losses of 0.8% and the least prepared 1.1% GDP per capita by 2100 under RCP2.6.

We use the RICE50+ model of Gazzotti et al. (2021) under SSP2-RCP2.6 with the dam-
age function from Kahn et al. (2021) to obtain GDP growth rates until the end of the cen-
tury. We display in Fig. 2 the ratio of model-projected GDP growth rates of 2100 to 2020 
(bars) and the trend line of ND-GAIN indices (bullets). Denmark and Finland see growth 
rates lowered by less than 0.20, whereas some countries see growth rates drop by more 
than 0.7 from their current levels. Italy is doing remarkably well under this model, com-
pared to neighboring Greece, but under a more severe damage function (Burke et al. 2015), 
its growth rate is reduced to about 2/3rd of its current value like its neighbor. Again, we 
see agreement in the direction and differences in magnitudes, and a trend of less prepared 
countries suffering the most. Northern countries are above the trend while Southern and 
Central European countries are below.

Fig. 1   Potential divergence of advanced economies without climate policy action. Source: Burke et  al. 
(2015); https://​web.​stanf​ord.​edu/%​7Embu​rke/​clima​te/​map.​php. The black line denotes the best estimate and 
the shaded area represents uncertainty

Fig. 2   The effect of climate change on GDP growth. Source: The author based on projections of GDP 
growth rates using the RICE50+ model (Gazzotti et al. 2021) with the damage function from Kahn et al. 
(2021) under SSP2-RCP2.6

https://web.stanford.edu/%7Emburke/climate/map.php
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2.2 � An EU climate divide

Divergent climate effects are noticeable even within the geographically proximate Euro-
pean Union economies. EU countries are among the world’s best prepared and less vulner-
able (Fig. 3), but with significant differences in their ratings. The ND-GAIN index ranges 
from 52 (Romania) to 73 (Denmark, Finland), with the bottom tercile averaging 57 and 
the top tercile 70. European countries are already experiencing climate disasters with esti-
mated damages €446 billion between 1980 and 2019.3 This is 3% of GDP over a 40-year 
period, which may seem distant and indirect. The effects can be nevertheless material: EU 
economic losses from extreme weather have amounted to about €12 billion annually in 
recent years and are projected to grow by at least €170 billion per year (1.4% GDP).4 Kahn 
et al. (2021) estimate GDP losses of about 10% for the worst-hit EU countries and 2.5% 
for the least hit, under RCP8.5 by 2100. Under RCP2.6, the losses are milder, with average 
losses 0.5% for the top and 1.7% for the bottom terciles. Mitigation requires costly upgrad-
ing of infrastructure, and the transition to a low-carbon economy will cause asset revalua-
tion, with Darvas and Wolff (2021) reporting investment requirements to meet EU climate 
goals up to 1% of GDP annually during this decade. These pressures on public finance 
come as EU countries can experience lower growth from climate change; Fig. 2.

Climate change could lead to increased political instability (Dell et al. 2014), and politi-
cal science literature documents contagion effects, with political risk recognized as a risk 
factor of asset prices (Gala et al. 2020; Kelly et al. 2016). Europe’s neighbors in the Middle 
East and North Africa are more vulnerable and less prepared (Fig. 3), and political risks that 

Fig. 3   Vulnerability and readiness of EU countries and their neighbors. Source: The author based on ND-
GAIN index

3  See https://​www.eea.​europa.​eu/​data-​and-​maps/​indic​ators/​direct-​losses-​from-​weath​er-​disas​ters-4/​asses​
sment.
4  PESETA IV project https://​ec.​europa.​eu/​jrc/​en/​peseta-​iv/​econo​mic-​impac​ts

http://www.eea.europa.eu/data-and-maps/indicators/direct-losses-from-weather-disasters-4/assessment
http://www.eea.europa.eu/data-and-maps/indicators/direct-losses-from-weather-disasters-4/assessment
http://www.eea.europa.eu/data-and-maps/indicators/direct-losses-from-weather-disasters-4/assessment
http://www.eea.europa.eu/data-and-maps/indicators/direct-losses-from-weather-disasters-4/assessment
https://ec.europa.eu/jrc/en/peseta-iv/economic-impacts
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have been quite low in the EU could change through spillovers. Spillovers hit harder the EU 
periphery countries creating another source of climate-induced tension within the Union.

Porter and van der Linde (1995) suggest that climate policies can trigger innovation 
and spur growth. Countries that use the European Green Deal to stimulate innovation will 
adapt to climate change, while those that fail to stimulate innovation will become laggards. 
This would aggravate existing imbalances and accelerate capital flight towards innovators. 
Central European countries could find themselves among the laggards if they fail to com-
pensate for losses from their rich fossil-fuel resources.

Countries with greater exposure to climate risks have more precarious public debt 
positions, adding to the tension. The climate-vulnerable EU tercile has weighted aver-
age debt 133% of GDP, whereas the least vulnerable tercile averages 78%. The avail-
able fiscal space limits the implementation of mitigation and adaptation policies, further 
exacerbating the differences.

Whereas the climate shocks may be systemic, they have asymmetric effects on fiscal 
stability of EU member states. All the factors above, taken together, can create a ‘climate 
divide’ in EU, which is quite distinct from the usual North-South divide. This requires the 
Union to think how to react. Climate effects that are not distributed evenly have the poten-
tial to increase political risks that can arise not only from climate-vulnerable neighbors but 
also from inequalities within the bloc.

European institutions have a stake in these risks. The European Commission is tasked 
with ensuring robust management of public finances, and the European Fiscal Board with 
the national fiscal councils, and the European Stability Mechanism, have related objectives. 
Climate change presents a common threat to the fulfillment of their mandates, creating a 
need for coordination. COVID-19 prompted the EU towards community financing with the 
Next Generation EU recovery plan, and its focus on a resilient Europe is highly relevant 
during the current make-or-break decade for climate action.

2.3 � The price of climate risks in sovereign bonds

There are today more than 40,000 securities globally issued by sovereigns, agencies, or 
supra-nationals, for a total nominal value of $74 trillion with $65tn for the G20. They 
comprise 68% of the bond markets.5 Sovereign bonds are a significant component of the 
portfolios of institutional investors and constitute the lion’s share in the asset purchasing 
programs of central banks. Most outstanding issues mature within 10 years, but significant 
amounts run into the 2060s, and century bonds with 100-year maturity have been on the 
rise as borrowers lock-in record low interest rates. Bond investors start to be attuned to cli-
mate risks (Barnett et al. 2020).

Cevik and Tovar-Jalles (2020) analyze the bond yields of 98 economies since 1995 
and find that climate vulnerability and readiness are determinants of governments’ cost 
of borrowing. A 1% increase in climate vulnerability increases the long-term government 
bond spreads of developing countries by about 3%. Battiston and Monasterolo (2020) use 
forward-looking simulations of transition risks to find yield increases from 0.1% (UK) 
to 2.5% (Australia, Norway), but also decreases for countries using renewable energy 
(Switzerland, Baltics).

5  Data from https://​www.​icmagroup.​org/​Regul​atory-​Policy-​and-​Market-​Pract​ice/​Secon​dary-​Marke​ts/​bond-​
market- size/ and Bloomberg.

http://www.icmagroup.org/Regulatory-Policy-and-Market-Practice/Secondary-Markets/bond-market-
http://www.icmagroup.org/Regulatory-Policy-and-Market-Practice/Secondary-Markets/bond-market-
http://www.icmagroup.org/Regulatory-Policy-and-Market-Practice/Secondary-Markets/bond-market-
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Increasing borrowing costs due to climate change can be material for sovereign 
debt. Investors use credit ratings to assess the issuer’s ability to pay. Rating agencies 
anticipate that climate trends will affect ratings in coming decades (Moody’s 2019; 
S&P 2017). Klusak et al. (2021) develop a model linking climate-adjusted GDP esti-
mates to sovereign ratings. They use machine learning to predict sovereign credit rat-
ings and train it on the S&P ratings using natural disaster risk assessments and mac-
roeconomic data. Then, they use Burke et al. (2015) and Kahn et al. (2021) to project 
climate-adjusted macroeconomic input data to the rating model and estimate ratings 
under different climate scenarios.

They find that fifty-five sovereigns face downgrades under a 2 °C temperature 
increase and eighty under 4.2 °C. Within the Paris Agreement targets, most G20 and 
EU countries would be down-rated marginally (up to 2 notches), but the down-rat-
ings under 4.2°C are up to 6 notches. A majority of G20-EU countries are down-rated, 
with effects noticeable as early as 2030. Climate risks to ratings are not as distant as 
we might think. In a 2 °C scenario, the cost of debt servicing will increase by 0.1% 
GDP for Australia and China and about 0.5% for UK, USA, and Japan. Such increases 
can be material for countries with tight fiscal space. Increasing debt servicing costs 
will add to the fiscal costs incurred from damages and climate policies, as countries’ 
growth faces adverse climate effects. The compounded climate effects can become a 
first-order problem for sovereign debt.

2.4 � Are countries fiscally prepared for climate risks?

The effects of climate risks on sovereign debt instruments are gradually coming into focus, 
with BlackRock launching recently a climate adjusted sovereign fund.6 Australia, Canada, 
Japan, New Zealand, and the UK started connecting the dots between climate change and 
the fiscal position (Appendix B.1), and the EU financial sector supervisors perform climate 
stress tests to financial stability (ECB/ESRB 2021).

Albeit, the climate risks to fiscal stability are receiving much less attention. A 2019 sur-
vey by the EU network of the national fiscal councils found that none of their quantitative 
analyses covers climate risks. Only the UK Office for Budget Responsibility and the Irish 
Fiscal Advisory Council devote some space to the issue (Appendix B.2).

The lagging interest is broad. A Google trends search since the Paris Agreement 
has an average rating of 92 for “climate risks + financial” and 36 for “climate risks 
+ fiscal”. Only users in Mexico, Brazil, Spain, and France have more interest in the 
latter. On Google Scholar, there are 1.94 million documents on the former topic and 
0.3 million on the latter.

Studies assessing climate risks to sovereign debt are scant. Notable exceptions are 
Dafermos et  al. (2018) and Lamperti et  al. (2019), who look at the fiscal costs from 
financial instability, namely, reduction in tax revenues and bank bailouts. A more holis-
tic view is needed to integrate multiple channels of climate effects on sovereign debt. 
The integration of climate risks into DSA provides such a view.

6  Financial Times, https://​www.​ft.​com/​content/​112e5​36a-​91db-​426a-​aef6-​3106f​07179​72.

http://www.ft.com/content/112e536a-91db-426a-aef6-3106f0717972
http://www.ft.com/content/112e536a-91db-426a-aef6-3106f0717972
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3 � Climate risks to public finance

The climate risks to public finance can be acute from extreme weather events or chronic 
from long-term gradual changes. The costs from the physical risks are compounded by 
transition risks from mitigation and adaptation policies that introduce trade-offs to the anal-
ysis. Mitigation spending can put further pressure on public finance, while leading to more 
benign climate change. Adaptation spending burdens the public purse but cushions the 
impact of climate change. Both can spur growth per the Porter-van der Linde hypothesis.

Three main channels transmit climate risks — physical and transition — to public 
finance. First, we have damages, including social costs, and the fiscal cost of adaptation 
and mitigation. Second, we have the effects of climate change and of climate policies on 
growth and financial stability. Third, we have repricing of assets.

The physical risks from climate change are mediated by climate policies which are 
costly and create transition risks but can have positive climate effects. The effects of cli-
mate change on public finance are not independent from the effect of climate policies on 
both the climate and public finance. However, they are usually treated in isolation,7 and I 
argue how to bring them together.

Figure 4 sketches the integration of climate change and climate policies into public 
finance. Climate modules (green) specify chronic and acute changes which create physi-
cal risks. Societies pursue mitigation and adaptation policies (yellow modules), which 
are costly but moderate the long-term impacts of climate change. Mitigation creates 
transition risks but can limit climate change. Adaptation reduces economic damages and 

Long-term climate changeExtreme weather

Green House GasesEconomic Transition Economic Damage

Economic Dynamics

Public Finance
Fiscal needs, economic growth,

asset revaluation, pre-existing debt, financial
variables:

real rate of interest r*, inflation

Physical risks

Transition risks

Mitigation

Physical modules

Economy modules
Climate policy modules

Adaptation

Fiscal module
Narrative scenarios

Fig. 4   Integrating climate risks to sovereign debt sustainability analysis. Source: The author based on Euro-
pean Commission (2019), IMF (2019), Zenios et al. (2021) on debt sustainability, and Batten (2018) and 
Volz et al. (2020) on the economic effects of climate

7  Contributions on the joint effects of climate change and climate policies are Barrage (2020) on carbon 
taxes as part of fiscal policy and Kellner and Runkel (2021) on the effects of taxes on public debt when 
taxes are used to correct climate externalities.
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improves resilience. Policies feed into the economic modules (blue) to estimate dam-
ages, growth effects, and asset repricing. Thus, physical and transition risks from climate 
change, with the costs and benefits of mitigation and adaptation, are transmitted to the 
fiscal module (brown).

The fiscal module generates the variables for DSA to estimate the sovereign’s gross 
financing needs and the debt-to-GDP ratio. The sovereign’s fiscal needs, adjusted for pub-
lic investments in adaptation and the fiscal cost of mitigation, add to sovereign debt. Eco-
nomic growth reduces the debt ratios. Financial variables determine the cost of debt financ-
ing. Inflation is used to arrive at nominal values, since debt is nominal. Asset valuation 
is a key component of a sovereign’s balance sheet that determines credit ratings and risk 
premia. Climate change then enters the debt variables through damages, economic growth, 
and sovereign wealth, and by affecting market conditions for debt financing.

Damages  Economic damages are caused by the adverse effects of climate change on 
natural resources, physical capital, labor, and productivity. Damages can be assessed from 
past extreme events (see Australia and Canada, Appendix B.1 or the international disas-
ters database EM-DAT8). However, extrapolating from historical datasets underestimates 
future damages as the number and severity of extreme events are increasing with time. 
For instance, EM-DAT reports an increase from 120 in 1985 to more than 250 per annum 
recently. Long-term damages can also be projected through IAM endowed with a damage 
function. The cost of damages from extreme weather events can be considered as contin-
gent liabilities, as done by Australia, Japan, and New Zealand.

IAM could be employed to generate quantitative projections of damages for DSA under 
the IAC narrative scenarios. Presently, IAC collaborates with asset managers and central 
banks to generate scenarios for financial analysis. Similar interaction is warranted with sov-
ereign debt issuers to generate scenarios for fiscal analysis. Damages from acute weather 
event can then be overlaid using historical data or as contingent liabilities.

Economic growth  Climate change affects growth through its impact on productivity, 
labor, and capital. On the other hand, investment and innovation in new technologies 
could raise productivity. Economic transition re-allocates resources, with employment 
and social impacts, and both direct and indirect non-discretionary fiscal impacts (Euro-
pean Commission 2019). Direct costs include social transfers to affected households 
and explicit contingent liabilities, such as insurance schemes backed by state guarantees 
or bank bailouts. Discretionary costs arise from policies such as public investments to 
infrastructure or public health or clean energy subsidies. Non-discretionary costs include 
reductions in tax revenues.

Significant expenditures are already foreseen on mitigation. The European Green Deal 
assumes an annual investment gap of €260 billion (1.86% of 2019 EU27 GDP) to reach the 
2030 climate targets, and NGFS (2019) estimates that up to 4% of global GDP in 2030 will 
be needed for mitigation efforts to meet the Paris targets. Such liabilities will materialize 
on public balance sheets if private investments fall short.

Sovereign wealth  Climate change causes sovereign wealth to be repriced, affecting credit 
quality and debt financing rates. This is the case for carbon-intensive assets in public 

8  See https://​www.​emdat.​be

https://www.emdat.be
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ownership, such as coal mines or energy utilities, which may become stranded assets due to 
rising carbon prices. Assets worth $12 trillion (3% of the capital stock) are estimated to be 
stranded by 2050 (Banque de France 2019).

Rents from natural resources are significant for some countries, and changes in extrac-
tive activity can affect their fiscal position. Furthermore, energy intensities with heavy 
reliance on fossil fuels create transition risks even for countries without asset repricing 
risks. For instance, among the EU countries, those with high energy intensity or high 
fossil-fuel extraction — Bulgaria, Czechia, Poland — are more exposed to transition 
risks. Countries with low energy intensity — Finland, France, Sweden — can more easily 
weather the transition.

Financial variables  The financial variables in DSA — the natural rate of interest r*, risk 
premia, and inflation — are also affected from climate change. The increase in the fre-
quency and severity of supply shocks due to extreme weather makes it harder for central 
banks to forecast output gaps, and pricing policies for transition also need to be considered 
when evaluating inflationary pressures.9 The Network for Greening the Financial System 
(NGFS 2019), which consists of central banks and financial supervisors, is studying the 
effects of climate change on financial variables. For instance, Bylund and Johnsson (2020) 
from the Central Bank of Sweden consider the effect of climate change to r*, and the mon-
etary policy response to climate change should be factored into long-term DSA.

In conclusion, IAM can generate forward-looking scenarios of the climate effects on 
growth, fiscal costs, and sovereign wealth. However, these mechanisms are not perfectly 
understood, and models often rely on broad assumptions arriving at different estimates. 
Long-horizon projections give rise to ambiguity and misspecifications. These are the rea-
sons I suggest using transparent narrative scenarios and ensembles of IAM.

4 � Debt sustainability analysis with climate risks

Putting the pieces together suggests that climate risks could precipitate a destabiliz-
ing doom loop of sovereign debt. If climate costs to public finance raise concerns about 
the sovereign’s ability to repay, the sovereign is downrated and its financing rates go up 
increasing costs even further. The sovereign is caught in a debt trap from which it can be 
difficult to escape if climate change lowers GDP growth. Debt sustainability analysis with a 
climate module can assess the risk of been caught in such a debt trap.

DSA traces the debt stock (D) and flow (F) as a ratio to the country’s GDP (Y). Stock 
and flow depend on the amortization of pre-existing debt, government fiscal needs, and 
interest rates. Using the relations between these variables we incorporate climate risks in 
DSA by modeling the climate impact on each variable.

Under certainty, we have the following dynamic relations for debt:

(1)Dt =
(

1 + it−1
)

Dt−1 − Bt−1 (debt stock)

9  See comments by ECB executive board member Isabelle Schnabel, https://​www.​ecb.​europa.​eu/​press/​key/​
date/​2022/​html/​ecb.​sp220​108~0425a​24eb7.​en.​html

https://www.ecb.europa.eu/press/key/date/2022/html/ecb.sp220108~0425a24eb7.en.html
https://www.ecb.europa.eu/press/key/date/2022/html/ecb.sp220108~0425a24eb7.en.html
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i denotes debt financing interest rates, A  denotes amortization of pre-existing debt, 
and B denotes fiscal primary balance. For sustainability, we look at the ratio of stock 
and flow to GDP to calculate debt ratios:

Debt is considered unsustainable if the stock ratio is increasing. If the flow ratio 
exceeds a threshold that markets can finance, then the sovereign faces a liquidity cri-
sis. These are the sustainability conditions.

DSA by the international institutions uses experts’ projections of future GDP and 
government primary balance and market data on interest rates and inflation. The sto-
chastic DSA of Zenios et  al. (2021) uses scenario trees to model the uncertainty of 
these variables (see Appendix C). The debt stock and flow ratios are stochastic variables 
on the scenario tree, following paths (p) across time (t). Using a tail risk measure — 
conditional value-at-risk, or expected shortfall — we can assess if the dynamics of debt 
stock remain non-increasing with high probability (e.g., 0.75) to reach conclusions on 
debt sustainability with high confidence.

The model of Zenios et  al. (2021) (Sects. 2 and 3) brings together all debt varia-
bles from (1) to (3) to optimize debt financing under the uncertainty of a scenario tree 
to achieve the minimum cost to the sovereign with acceptable risks to debt dynamics. 
Presently, DSA scenarios ignore climate risks and are meaningful over medium hori-
zons when experts’ projections and market data are reliable. Beyond that, scenarios con-
verge to long-term trends, such as the historical average growth rate or inflation target.

To integrate climate risk into DSA, we calibrate scenario trees using IAM-generated 
projections on damages or growth. Damages, to the extent they are carried by the public 
purse, add to B. Climate effects on growth suppress Y. Adaptation and mitigation invest-
ments can also affect r* that underlies refinancing rates i (Zenios et al. 2021; Sect. 4).

This approach combines probabilistic scenarios calibrated on experts’ opinions and 
market data, with IAM long-term projections on narrative scenarios. It uses risk infor-
mation from the scenario trees and ambiguous information from climate scenario narra-
tives. The narrative scenario architecture provides the framework to deal with ambigu-
ity. To deal with misspecifications, we can use ensembles of models to avoid reliance on 
a single model and search for robust strategies when we do not know (or cannot agree) 
upon the appropriate model (Lempert et al. 2006).

Importantly, using DSA, we can assess what is fiscally feasible by answering two 
key questions: (1) how can a sovereign finance its (climate adjusted) debt, and (2) how 
much extra fiscal adjustment is needed to stabilize the debt. Conversely, if debt is stable 
or declining, we can estimate the available fiscal space to take on more debt to support 
climate policies.

In summary, IAM can inform DSA about the risks from climate change. Using the 
narrative scenario architecture ensures transparency and helps us deal with ambiguity, 
and ensembles of models deal with the problem of misspecification. IAMs are criticized 
(Pindyck 2017), but Nordhaus (2018), Bosetti (2021), and Weyant (2017) argue that 
these models provide a conceptual framework for developing insights about complex, 
dynamic, and uncertain systems. IAMs do not provide precision forecasts for DSA but 

(2)Ft = it−1Dt−1 + At − Bt−1 (debt f low).

(3)dt =
Dt

Yt
and ft =

Ft

Yt
.
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allow for a structured dialogue on the complex questions of debt sustainability to facili-
tate “what if” analyses and provide policy insights (Obama 2017).

4.1 � Climate narrative scenario architecture for sovereign debt

The analysis of climate risks is unlike anything we see in the analysis of financial risks. 
The latter are estimated from market data with known probabilities, whereas the former 
require projections over long horizons with limited guidance from history. Climate scien-
tists postulate possible future states of the world, but probabilities cannot be pinned down. 
Future states depend on policy choices, and precise projections are not possible without 
knowing the status of policy implementation. This creates ambiguity.

The narrative scenario architecture allows a structured analysis of ambiguity. For com-
binations of SSP and RCP, existing IAM can provide forward-looking projections of miti-
gation and adaptation costs, damages, GDP growth, and so on, to integrate climate risks 
into DSA variables.

Table 1 illustrates the IAC scenario architecture. Green cells are in line with the Paris 
Agreement, yellow cells fall short, red are dysfunctional states of the world, and implau-
sible cells are blank. Check marks indicate the cells for conducting meaningful DSA. For 
each cell, we can use the currently available IAM (numbers shown) to generate inputs to 
the debt variables. DSA for each cell addresses the problem of ambiguity, and using multi-
ple IAMs addresses the problem of misspecification.

We can now re-calibrate the trees for each narrative scenario (s) and condition the equa-
tions of debt dynamics by s together with paths p on the tree. The climate-sensitive debt 
dynamics become

where CBs
t
denotes additional climate-related fiscal adjustment to account for adaptation 

and mitigation policies or damages.

(4)D
p,s

t =
(

1 + i
p,s

t−1

)

D
p,s

t−1
− B

p

t−1
+ CBs

t

(5)F
p,s

t = i
p,s

t−1
D

p,s

t−1
+ A

p,s

t − B
p

t−1
+ CBs

t
,

Table 1   Narrative scenario architecture of climate risks

SSP1 SSP4 SSP2 SSP3 SSP5

RCP8.5 4
RCP6.0 6 6 6 4 4

RCP4.5 6 3 6 4√ 4

RCP2.6 6√ 3√ 6√ 3√

RCP1.9 5√ 1√ 4√ 2√

Source: The author based on Rogelj et al. (2018). Numbers in each cell indicate available IAM from the 
literature. Green cells denote scenarios in line with the Paris Agreement, yellow cells fall short, and red cell 
denote dysfunctional states with large temperature increase and implausible scenarios are left blank
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From these relations we can adjust the debt variables using scenario values derived from 
an IAM under scenario narratives. For instance:

1.	 Primary balance Bp

t−1
 is adjusted by additional fiscal costs CBs

t
 . This can reflect the 

cost of damages to be borne by the public purse, as well as the cost of mitigation and 
adaptation policies. IAM can be used to project such costs, and CBs

t
 is a climate fiscal 

adjustment.
2.	 GDP is given on the calibrate tree by Yp

t  , and a climate growth factor adjustment cs
t
 

adjusts the GDP according to projections by an IAM. The adjustment factor is computed 
as the ratio of t = 0 GDP to the time t projections by an IAM.

3.	 The interest rate ip,st  is also indexed by climate. The interest rate is determined by risk 
and term premia over and above the policy rate rft (Zenios et al. 2021, section 4) set by 
a central bank (e.g., using Taylor rule) and determined by the equilibrium rate r*, output 
gap, and inflation. Current research to understand how climate policies may affect r* 
(e.g., Bylund and Johnsson 2020) can feed climate effects into a Taylor rule to set the 
interest rates for DSA.

4.	 The amortization schedule Ap,s

t  depends on p for contingent debt and can be adjusted for 
climate scenarios s if contingency provisions are climate dependent.

With these adjustments the stochastic debt, ratios become

They fit into the DSA model to integrate climate risks into debt analysis. See Zenios 
et al. (2021) (Sects. 2 and 3) for a detailed description of the climate-free stochastic DSA 
model or Appendix C for an outline.

4.2 � A case study of Italy

We build an illustrative example linking the DSA model with two IAMs — WITCH 
(Emmerling et al. 2016) and RICE50+ (Gazzotti et al. 2021) — to obtain values for the 
input variables.

We use Italy as a case study. This is a high-debt country, so climate change could 
have a noticeable impact. It has intermediate climate rating (ND-GAIN index 60) 
between the worst-rated G20-EU country (India, 41) and the best rated (Finland, 
73). Also, multiple IAMs give quite different projections allowing us to highlight the 
effects of misspecifications. Italy is a country for which DSA is published in the open 
literature providing a baseline (Zenios et al. 2021). We emphasize, however, that we 
are presenting an illustrative example of the effects of climate risk on GDP growth, 
to show what is possible. A complete analysis would include projected damages and 
bailout costs (this will worsen the fiscal position and increase upside risk), the impact 
of mitigation (this will worsen the fiscal position but could spur growth and create 
downside potential), and the effects of climate change on monetary policy. Stochastic 
DSA can incorporate such estimates.

We use the IAM to obtain GDP growth projections and run DSA to showcase the 
climate effects on debt dynamics and the challenge of misspecifications. We first 

(6)d
p,s

t =

D
p,s

t

cst Y
p

t

, f
p,s

t =

F
p,s

t

cst Y
p

t

.
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perform a climate-free DSA. We use growth and primary balance projections from 
the IMF World Economic Outlook, extrapolated to their historical averages in the long 
term. For inflation, we use ECB short-term projections with expected inflation con-
verging to the 2% target. Scenario trees are calibrated so that their mean values match 
the IMF and ECB expectations, with volatilities and correlations matching their his-
torical values. The calibrated trees underlying the DSA without climate change are in 
Appendix D.

We display the dynamics of debt stock ratio as the pink-shaded fan charts of Fig. 5. 
The median is stabilized slightly below 150% of GDP after 2030, from its initial value 
of 170%, with significant upside risk. The uncertainty of the fan chart (25/75 percen-
tiles) is due to the volatilities and correlations of GDP growth and output gap, infla-
tion, primary balance, and the risk-free rates of the calibrated trees of Appendix D.

We next introduce climate effects consistent with the Paris Agreement from the 
RCP2.6-SSP2 scenario matrix cell. We use WITCH, taking the growth for “Europe,” 
and RICE50+ with the impact function of Burke et al. (2015), to project climate adjust-
ments to Italy’s GDP growth. Specifically, we look at the ratio of future growth rate 
until 2100 to the 2020 growth from each model (Appendix E, top figure). These are 
examples of adjustments due to climate change, with both models projecting downward 
adjustments. The impact is large after mid-century according to RICE50+, whereas 
changes are gradual and start earlier according to WITCH. We use these ratios to 
adjust downwards the GDP growth projections from the IMF World Economic Outlook 
and re-calibrate the trees. The denominator in (3) is adjusted downwards to account 
for the effects of climate change as per Eq. (6), and the resulting debt dynamics shift 
upwards. This approach combines expert knowledge about the country (Appendix D), 
with climate projections from IAM (Appendix E) to obtain climate-adjusted scenario 
trees for the DSA model.

Fig. 5   Debt stock dynamics of a high-debt country  with climate impact on growth. Source: The author, 
using the model of Zenios et al. (2021) together with WITCH and RICE50+
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We overlay the DSA results with climate adjustments onto the fan chart in Fig. 5. 
The blue lines are the median and 25/75 quantiles with WITCH, and the dashed line 
is the median with RICE50+. The debt dynamics worsen when accounting for cli-
mate change. With RICE50+, the climate risks kick in from about 2050, whereas 
with WITCH, the changes are pronounced from mid-2030s.10 We note an accelerat-
ing increase of debt after mid-century. This is in part due to the increasing adverse 
effects on growth shown in Appendix E, but also in part due to the nonlinear increase 
in risk premia with increasing debt ratio (Zenios et al. 2021, section 4). This acceler-
ating increase of debt stock dynamics are a manifestation of the destabilizing doom 
loop initiated by climate change.

This test illustrates how climate risks can impact sovereign debt dynamics. Most impor-
tantly, it highlights a potential role for linking IAM with DSA to provide climate-adjusted 
debt dynamics under narrative scenarios from the IAC architecture. It also illustrates dif-
ferences among IAMs, highlighting the importance of using ensembles of models to reach 
robust conclusions.

We also tested climate policy effects. We ran WITCH with adaptation and add the fis-
cal cost (Appendix E, top figure, right axis) in the DSA, assuming that one third of this 
cost is borne by the public purse, with the rest carried by households and corporation. The 
primary balance in (1)-(2) is adjusted upwards to account for the cost of adaptation poli-
cies (variable CB in Eqs. 3 and 4). The increase in deficits, in the range 0.07 to 0.4% GDP 
until the end of the century, is counterbalanced by increases in the denominator as climate 
effects on growth become milder because of adaptation investments. Re-running the DSA 
model, we find that the debt dynamics marginally change from those of Fig. 5 (blue lines) 
and adaptation measures do not seem to offset the upside risks. Once more, our test shows 
what is possible by integrating IAM with DSA, but we need a more precise calibration 
with alternative models to draw robust conclusions.

4.3 � Discussion of the case study

We compare our results with the scant literature on climate effects to sovereign debt instru-
ments. The estimated upward shift of debt is in line with the sovereign down-ratings from 
Klusak et al. (2021). It is also consistent with the increasing bond yields in Battiston and 
Monasterolo (2020) under energy transition risks, although these authors find decreasing 
yields for countries with renewable sources of energy, and for Italy, they have predictions 
of opposite signs with different IAM. It is possible that Italy could see yield reduction by 
using renewable energy, as one model predicts, but our analysis shows consistent adverse 
effects on the country’s sovereign debt with two IAMs.

Our findings are in the same direction, but with smaller magnitude than the estimates 
of Lamperti et al. They estimate debt increase by a factor of two under an extreme climate 
scenario (SSP5 with 3 °C temperature increase). Likewise, Dafermos et  al. document a 
larger increase of debt ratio from reduction in tax revenues due to lower economic activity 
with a 4 °C temperature increase.

What is the take from these studies and our own analysis? It is difficult to make pre-
cise comparisons, given that these studies test different climate conditions, look at 

10  Using RICE50+ with the Kahn et al. (2021) impact function produces lower impact of climate on GDP 
growth; the upward shift of debt persists but is smaller.
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different channels of climate effects on public debt, and use different IAMs. Using the nar-
rative scenario architecture will facilitate comparisons using standardized and commonly 
accepted  scenarios.  Overall, however, we have agreement on adverse climate effects on 
debt dynamics with two different approaches — credit ratings of Klusak et  al. and our 
stochastic DSA — using four different IAMs. The estimated magnitudes from these two 
studies are aligned, with their downrating estimates being consistent with our estimate of 
upward shift of debt trajectories. Both methodologies find noticeable climate effects from 
2030 onwards.

4.4 � Concluding remarks on DSA with climate risks

Some recent works on the fiscal effects of climate change (Dafermos et al. 2018; Lamperti 
et al. 2019) look at the problem through the finance channel. For instance, they show that 
ignoring bank bailouts leads to an underestimation of the climate costs. As I have argued, 
however, there are many channels from climate to fiscal, and Lamperti et al. acknowledge 
that their approach can lead to underestimation. A more holistic view is needed to reach 
conclusions on the climate effects on public finance. Integrating IAM into DSA identifies 
the climate effects on debt variables for a more complete analysis. Importantly, DSA can 
assess what is fiscally feasible instead of only estimating the cost of climate change. That 
is, we can estimating the fiscal space available to increase borrowing to debt finance cli-
mate policies, without violating the sustainability conditions.

Stochastic DSA is rich and flexible. First, it goes beyond estimating a single number 
of summarizing expectations (e.g., bond yields or credit ratings), and models instead the 
future debt dynamics. Second, starting from the fundamental debt relations allows us to 
incorporate a broad array of climate channels using narrative scenarios and IAMs. In addi-
tion to the growth effects and adaptation costs we illustrated above, the DSA scenarios 
can be adjusted for mitigation costs and damages, including social costs and bailouts, and 
transition effects. Some of these elements have been studied in isolation in the literature 
and can feed into the scenario analysis of DSA. Ensembles of IAM can give us a range 
of projections for each scenario narrative (see Appendix E, bottom figure) allowing us to 
reach conclusions that transcend any single model.

Our case study should not be construed as a complete analysis for a given country. The 
scope of this essay is to demonstrate what is possible when combining DSA with IAM 
and to argue that using the narrative scenario matrix architecture, we bring transparency 
to climate analysis.

5 � Climate‑proofing sovereign debt

I conclude with policy implications. Governments need to plan for the risks from cli-
mate change to sovereign debt. Linking DSA with IAM can assess the resilience of public 
finance and estimate the available fiscal space to finance mitigation and adaptation policies. 
NGFS is coordinating efforts on climate risks and financial stability, and complementary 
efforts are warranted from those responsible for fiscal stability. I suggest three steps to bet-
ter deal with the climate risks to public finance: coordination, climate risk analysis, and 
disclosure.
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Coordination  Climate challenges are global (or regional) and tackling them requires coor-
dination between multiple agents. This is reflected in the establishment of the NGFS and 
the multi-agency efforts by New Zealand and the UK. Institutions mandated with fiscal 
stability should coordinate efforts to carry out assessments of climate change risks to sov-
ereign debt. A network for climate-proofing public finance will bring together these insti-
tutions. The International Monetary Fund, the G20, or European institutions could play 
coordinating roles.

A coordinated effort using the scenario matrix architecture as a template will deliver 
transparency and ensure acceptability of scenarios. Each sovereign (and investors) can 
adapt their own local models, but the regional impact of climate change on sovereigns 
is best approached through a common understanding. The usual DSA relies on central-
ized expert methodologies (e.g., by IMF, ECB, ESM) with country teams contributing 
local knowledge. When it comes to climate change, the macro projections are regional. 
Coordination is needed to combine local country knowledge with climate scenarios 
generated centrally.

Climate risk analysis in public finance  Fiscal authorities should mainstream climate risk 
analysis in public finance. Budgetary plans should include damages and the costs of miti-
gation and adaptation, including potential social costs. Some of these costs can be imme-
diate and direct, derived from national plans such as those related to the European Green 
Deal. Others will be long term, in response to adaptation needs derived from forward-look-
ing plans. Still, others can be contingent, such as damages from acute weather events.

Planning for contingent liabilities requires databases of past extreme events to comple-
ment IAM projections. Databases such as EM-DATA provide useful information, as has 
also been shown by the experience in Australia and Canada.

The potential scale of weather-related contingent liabilities creates a need for risk-
sharing. Climate risks are still mostly insurable, but in the long run, tapping the mar-
kets through contingent instruments can provide solutions. Catastrophe bonds, con-
vertible debt, or GDP-linked bonds can provide fiscal space during weather shocks 
(Demertzis and Zenios 2019).

Disclosure  The climate risks to public debt should be transparent. Transparency makes 
economies more resilient, and the Task Force on Climate-related Financial Disclosures 
recommends disclosures relating to identification, assessment, and management of cli-
mate risks. Fiscal authorities should follow these guidelines. As we monitor the align-
ment of national expenditures with the climate goals of the Paris Agreement, we also 
need to monitor the effects of climate change on public finance. The resilience of a coun-
try’s debt to climate change is important, whether the country is contributing a lot or a 
little to climate change.

It is not up to any single country to mitigate climate change. But it is up to each fiscal 
authority to ensure that the fiscal position of its sovereign is resilient. Central banks are 
taking a leading role on monitoring the climate risks to financial stability. Fiscal stability 
institutions should play a corresponding role. In this essay, I suggested how to evaluate 
sovereign debt resilience in the presence of climate risks.

Supplementary Information  The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s10584-​022-​03373-4.
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